INTRODUCTION
In recent years gene therapy has been considered for a growing number of diseases. A certain amount of progress has been made towards gene therapy for single gene defects, such as adenosine deaminase deficiency, cystic fibrosis and some inherited metabolic disorders. If the defective gene has been identified and mapped, attempts can be made to replace it with a functional copy, or have a functional copy of the gene expressed in the patient either by modifying cells in vivo or implanting cells that have been modified ex vivo. However, many of these genetic disorders are rare, and recently attention has been given to gene therapy for more common disorders, many of which are not inherited. At least two approaches have been adopted for the treatment of infectious diseases by gene therapy: (1) rendering cells resistant to viral infection, thus limiting the spread of virus in infected individuals; or (2) enhancing antiviral immunity by genetically modifying cells so that they express viral gene products to induce an antiviral immune response [l] . In the case of cancer, gene therapy may work by: (1) replacing defective tumour suppresser genes; (2) inactivating overexpressed oncogenes by antisense technology; or (3) delivering genetic pro-drugs that are activated only within cancer cells [2] . Neurological disorders are also seen as targets for gene therapy, either by direct injection of naked DNA into the brain or implanting cells that have been modified ex vivo close to the site of lesion [3] . Gene therapy is attractive in these disorders, which are characterized by considerable morbidity and mortality with little or no effective therapy. The benefits to the patient far outweigh the risks associated with the delivery of genetic material or the aberrant overexpression of the gene product.
It has also been suggested that gene therapy may be applied to the treatment of diabetes mellitus [4-61. However, in this case there is a reliable form of treatment that has stood the test of time (since 1921), and there are potentially real risks to the patient through attempting to use genetic manipulation to reinstate blood insulin levels within the extremely narrow physiological limits. Nevertheless, there are strong arguments, outlined below, in favour of new therapeutic approaches to diabetes that are based on recent advances in gene technology.
or other infectious agents contribute along with genetic factors to the risk of developing the disease. At least ten different genes are linked to IDDM, of which the HLA region on the short arm of chromosome 6 and the insulin gene on the short arm of chromosome 11 are most important [7] . IDDM patients are dependent on daily injections of insulin for their survival.
NIDDM is a more common disorder than IDDM (up to 3% in the British population versus about 0.3% for IDDM). It is a relatively heterogeneous metabolic disorder caused by a defect in insulin action and p-cell function [S] . Genetic factors and poor nutrition in utero are associated with the disease, while obesity and lack of exercise in adults are major contributory factors. NIDDM can be controlled by diet and exercise, but many patients require concomitant treatment with drugs that stimulate P-cell activity or enhance insulin action. These drugs, however, have limited long-term efficacy and ultimately there may be progression to insulin therapy.
There are a number of ways in which gene therapy can be applied to diabetes mellitus. One potential strategy is to target the immune system and prevent the autoimmune destruction of p-cells. An alternative strategy might be to use genetic technology to replace the insulin-secreting capacity of the patient. This could be done by introducing an active insulin gene into tissue in vivo, or by engineering cells ex vivo that could be implanted into the patient. Until we know much more about the nature of the immune destruction of p-cells, there is little prospect of targeting gene therapy towards the immune system. On the other hand there has been some progress towards, and a growing literature addressing, the problem of insulin replacement by ex vivo and in vivo gene transfer and this will be the main topic of this review. First, one should ask whether there is a requirement for novel methods of administering insulin.
Current regimes for insulin replacement in either IDDM or NIDDM fail to reinstate the normal regulation of glucose metabolism, and a large proportion of diabetic patients develop complications such as nephropathy, retinopathy, neuropathy and cardiovascular disease. 
INSULIN EXPRESSION BIOSYNTHESIS AND

Insulin-gene transcription
In humans the insulin gene is located on the short arm of chromosome 11. It is relatively simple in structure, comprising three exons and two introns, as shown in Fig. 1 [ll] . The insulin gene is expressed exclusively in the p-cells of the islets of Langerhans, although insulin mRNA has been detected in isolated cells within localized regions of the brain [12] . Sequences regulating expression of the gene are located within about 300 base pairs upstream of the start site. This region, the promoter, is composed of discrete protein-binding elements that work in cis to control the rate of transcription [13] . The most important sequence elements are the E-boxes and the A-boxes (Fig. 2 ) (reviewed in [14] ). There are two E-boxes located at about -103 (El) and -230 (E2) base pairs upstream of the transcription start site. The El site binds a transcription factor, IEF1, which is a heterodimer of at least two different proteins (Beta2 and E47) that interact with each other through a helix-loop-helix (HLH) motif [15] . Beta2 is restricted to p-cells and a few other IUFl is expressed at the earliest stages and is essential for pancreatic development [24] . Co-localization studies show that the endocrine cells pass through various stages where IUFl is co-expressed with combinations of other hormones. IUFl is subsequently extinguished in 01, 6 and PP cells, remaining co-expressed with insulin in p-cells [25] . IUFl is also important in linking glucose metabolism in the p-cell to the regulation of insulin-gene transcription [26, 271. Other sequences and their binding proteins are shown in Fig. 2 . The role of these other factors and their relative importance are unclear. A VNTR (variable number of tandem repeats) region is located upstream of the promoter, and approximately 200 base pairs beyond this is a hormone response element [28] . The IDDM2 locus that is associated with the inheritance of IDDM has been mapped to the VNTR region [29] . The VNTR binds a transcription factor (Pur-1) and it may also have transcriptional regulatory properties [30] .
Despite the marked progress that has been made in describing in detail the insulin promoter and in characterizing the associated DNA-binding proteins, it is still too early to present models as to how exactly these proteins interact with each other, and with the promoter, to control transcription of the insulin gene. The P-cell factor IUFl (IPFl/IDXl/ STF1) is undoubtedly important.
Proinsulin biosynthesis and processing
Insulin is synthesized as a precursor preproinsulin, that undergoes post-translational processing during its transit through the secretory pathway. The presequence, or signal peptide, is removed cotranslationally as the nascent polypeptide chain is transferred into the endoplasmic reticulum. Within the endoplasmic reticulum, proinsulin is folded and disulphide bond formation occurs. Proinsulin is then transferred through the Golgi cisternae, to the transGolgi network (TGN), where it is packaged into immature secretory granules. There are two pathways of secretion in the p-cell (and in neuroendocrine cells in general): the regulated secretory pathway where proinsulin is packaged into storage granules and secreted in response to appropriate stimuli, i.e. an increase in intracellular calcium concentration, and the constitutive pathway, which is present in all cell types [31] . The constitutive pathway is used to transfer membrane proteins, viral glycoproteins and other rapidly secreted proteins to the cell surface.
Two endoproteases, PC2 and PC3 (also known as PC1) are involved in the processing of proinsulin to insulin. They operate sequentially, PC3 cleaving at the Arg-Arg sequence at the B-chain-C-peptide junction followed by PC2 cleavage at the Lys-Arg sequence at the C-peptide-A-chain junction (see Fig. 4 ) [32] . The final stage in proinsulin processing, removal of the newly exposed Arg-Arg residues on the C-terminus of the B-chain, is catalysed by carboxypeptidase H, which is present in a wide variety of cell types.
PC2 and PC3 are members of a subtilisin-like family of calcium-dependent mammalian proteases
. Their expression is restricted to neuroendocrine cells where they are involved in the processing of a large number of prohormones, including proopiomelanocortin and prosomatostatin. Other members of the family include PC4 (restricted to testes), PC5, PC6, PC7, PACE4 and furin. Of particular relevance to the present discussion on engineering cell lines to secrete insulin is furin. A type I transmembrane protein, furin, is present in a wide variety of cell types, where it is located within the TGN. It is involved in the cleavage of membrane-protein precursors (e.g. the insulin proreceptor), a number of growth factors, e.g. transforming growth factor-p, and viral glycoproteins. It specifically recognizes sequences containing the motif Arg-Xaa-Lys/Arg-
Arg [W.
Insulin secretion
The major insulin secretagogue is glucose. It is now well established that glucose metabolism is required to stimulate insulin secretion, and the essential details of the glucose sensing mechanism have been described in outline [35] . Glucose uptake into the p-cell is facilitated by a high K, glucose transporter (GLUT2), which allows the intracellular glucose concentration to equilibrate with that in the circulation. Glucose is then phosphorylated by glucokinase, which with a high Km (11 mmol/l) is the key enzyme regulating flux through the glycolytic pathway. Increased P-cell glucose metabolism leads to an increase in the ATP/ADP ratio, resulting in closure of the ATP-dependent K+ channel on the cell surface. The resultant membrane depolarization activates a voltage-dependent Ca2+ channel; calcium enters the cell and stimulates exocytosis of preformed insulin storage granules.
Under normal conditions insulin is secreted in equimolar amounts with C-peptide. However, in patients with NIDDM not all the secreted insulinlike material is fully processed, and substantial quantities of proinsulin and split intermediates, which exhibit only a small percentage of the biological activity of insulin, are secreted.
CELL ENGINEERING IN THE TREATMENT OF
DIABETES MELLITUS
Because of the complex interplay between insulin, other peptide hormones and the sympathetic nervous system in glucose homoeostasis, the ultimate objective in administering insulin using implants of genetically engineered cells may be limited. The therapeutic benefits should be regarded as a spectrum. At one end, the engineered cells would sense changes in circulating glucose levels and secrete appropriate amounts of insulin into the blood stream. These patients would no longer be dependent on injections of insulin. At the other end of the spectrum the cells would not be glucose responsive; insulin would be released at a constant trickle. The amount of insulin in the circulation in this latter situation would be determined by the number of cells in the initial implant. This low background level would provide basal, between-meal (and night time) control of hepatic glucose output. The patient would continue with insulin injections, the benefit being in the provision of improved glycaemia and better long-term control of the disease. Between these two ends of the spectrum, cells could be engineered which exhibit some degree of glucose sensitivity, perhaps at the level of the gene, or perhaps even responsiveness to post-prandial increases in gut hormones. Such cells would be particularly important in the treatment of NIDDM.
Having described the objectives of cell engineering for the treatment of diabetes, the next sections will describe in detail how these objectives might be achieved. Three main strategies will be covered: (1) engineering p-cell lines; (2) engineering islet stem cells; and (3) engineering non-p-cell lines. The advantage of engineering Q-cell lines and islet stem cells is that they contain a p-cell phenotype, including the glucose-sensing mechanism and related insulin secretory response. The disadvantage is that when implanted they may be subject to attack by the immune system, involving mechanisms related to the initial destruction to the patient's own p-cells. This might be overcome by microencapsulation. The advantage of engineering non-p-cells is that they would not be recognized as p-cells by the immune system. The disadvantage of engineering non-p-cells is that they would not express an endogenous glucose sensor and engineering the various gene products required for this process would present formidable hurdles.
Engineering /?-cell lines /&Cells in the form of human islets of Langerhans have been used in the treatment of diabetes for several years [36] . However, islet transplantation has failed to have a major impact on the treatment of diabetes for three principal reasons: (1) following donor transplantation immunosuppression is required, making it most applicable to patients undergoing simultaneous renal transplantation for end-stage complications; (2) the poor availability of donor material for transplantation; and (3) the poor yield of pure islets during the isolation procedure. Several approaches have been taken to avoid the need for immunosuppression, including altering the immune properties of the islet by, for example, expressing adenovirus early region 3 (E3) genes [37], eliminating non-endocrine cells that are responsible for triggering islet rejection, and induction of graft tolerance by, for example, targeting CD4+ T-cells [38, 391. In addition, the graft may be encapsulated within microcapsules or hollow fibres that protect the islets from immune attack but provide access to nutrients and allow insulin to escape into the circulation [40-441. However, even if these advances led to successful grafting of islets, the lack of donor material would still limit this approach. This could be overcome if xenotransplantation was proven to work. Studies to date have concentrated on pig islet xenografts [45] ; however the pig islet is particularly difficult to isolate and purify because of the nature of the pig islet capsule and its tendency to fragment easily. Engineering /?-cell lines may provide a method which avoids the problems associated with islet isolation and purification.
Adult islets of Langerhans are for the most part terminally differentiated cells that will not grow and divide in culture. However, a number of immortalized p-cell lines have been generated. This has been achieved by simian virus 40 (SV40) transformation or X-ray irradiation of isolated islets, by cell fusion between islets and immortalized cells or by expression of oncogenes in transgenic mice. The problem with these cells is that they tend to lose glucose responsiveness after short periods in culture. This may be related to a process of ongoing dedifferentiation which is associated with a variety of marker proteins. This process has been extensively investigated and has been shown to be related predominantly to a decrease in the levels of both GLUT-2 and glucokinase.
One approach has been to stably transfect immortalized /.?-cell lines with genes encoding GLUT-2 or glucokinase. When RIN cells (an immortalized rat /.?-cell line) were stably transfected with GLUT-2, glucose-stimulated insulin secretion was observed at both physiological and subphysiological concentrations of glucose [46] . Cells over-expressing glucokinase alone did not show an enhanced insulin secretory response to glucose. Interestingly, the levels of glucokinase enzymic activity were elevated in cells stably transfected with GLUT-2. The reason for this is unclear, but it suggests that GLUT-2 and glucokinase are essential for the insulin response to glucose. Further support for a role for glucokinase comes from the observation that pre-incubation of RIN cells in 2-deoxyglucose (which inhibits hexokinase) for 24 h shifted the glucose dose that maximally stimulated insulin from 50 pmol/l to 5 mmol/l (i.e. close to the physiological range) [46] . Clearly, knocking out hexokinase in p-cells stably transfected with GLUT-2 may well shift the glucose response to within the physiological range.
An alternative strategy is to generate conditionally transformed p-cell lines that contain a genetic switch which determines whether they grow and divide in culture or remain within a non-dividing differentiated state. Immortalization of cells can be achieved by introducing into the cell the viral oncogene SV40 large T antigen (Tag). SV40 Tag acts by sequestering the p53 and retinoblastoma (RB) gene products which act together as 'gatekeepers' to the cell cycle [47] . To generate immortalized p-cell lines, the insulin-gene promoter, which is usually designated RIP for rat insulin promoter, is joined to the gene encoding SV40 Tag. This DNA construct, RIP-Tag, is microinjected into mouse embryos, which are then implanted into pseudopregnant female mice. In the resultant offspring the SV40 Tag is expressed exclusively in the p-cells, which grow into a tumour. The p-cell tumour is removed and cell-lines are generated [48] . The problem is that SV40 Tag retains some transforming activity and the resulting celllines tend to dedifferentiate. This problem associated with the use of Tag has been surmounted to some extent by using temperature-sensitive mutants of SV40 Tag. At raised temperatures (39°C) the mutant (SV40TS Tag) loses its ability to bind p53 and RB, whereas at lower temperatures (33°C) it binds p53 and RB [49] . Thus rat hepatocytes transformed with SV4OTS Tag grew as an immortalized cell line at 37"C, but secreted only very low levels of the liver-cell markers albumin and transferrin, i.e. they were dedifferentiated. On switching to the nonpermissive temperature (39°C) the secretion of albumin and transferrin increased between 10-and 20-fold [50] . These experiments showed that conditionally transformed cell-lines could be generated by switching Tag activity on and off.
Deuschle et al.
[51] took this further by placing SV40 Tag under the control of a genetic switch involving the bacterial tetracycline operon regulatory system (tet) from TNlO of Escherischia coli. Using this system, Tag activity could be regulated in vivo [51] . Efrat et al. [52] used the tet regulatory system to generate p-cell lines that were conditionally transformed. In one strain of transgenic mice a fusion protein containing the tet repressor joined to the activating domain of the herpes simplex virus protein VP16 (TETR-VP16), which converts the repressor into an activator, was produced in p-cells under the control of the insulin promoter (RIP). In another strain of transgenic mice the Tag gene was introduced under the control of a tandem array of the tet operator sequences and a minimal promoter. This construct was not expressed since it lacked the functional promoter. Mice from the two resultant lineages were crossed to generate double-transgenic mice. The expressed TETR-VP16 fusion protein bound to the tet operator sequences and activated Tag in p-cells, thus generating /I-cell tumours. Cells derived from these tumours grew in culture, but in the presence of a tetracycline analogue, which sequestered the TETR-VP16 protein, the cells stopped growing. When these cells were implanted into mice rendered diabetic by treatment with streptozotocin the blood glucose levels normalized within 2 weeks. However, the cells continued to proliferate, resulting in hypoglycaemia and premature death. When the cells were implanted along with a slowrelease tetracycline pellet, the cells no longer proliferated and normal glycaemia was maintained for up to 4 months. These exciting results indicate that proliferating cells containing a genetic switch may have uses in the treatment of diabetes. They main-tain the cell within a differentiated state and they prevent problems associated with increased insulin levels due to cell proliferation continuing postimplantation. It will be interesting to see whether these cells adjust their activity to coincide with fluctuations in blood glucose, as seen during overnight fasting or during glucose infusion. As regards their use in the treatment of diabetes, it is unlikely that mouse cells will be used. A better source of cells would be the pig (see Fig. 3 ). Pig physiology is more similar to human than is mouse; pig insulin has been used in the treatment of diabetes for many years, and the pig transgenic technology is now available.
Engineering islet stem cells
From the previous description of mechanisms regulating insulin-gene transcription, the question arises as to whether introduction of appropriate transcription factors into non-p-cells will switch on transcription of the endogenous insulin gene. Such experiments should be encouraged; however, our understanding of transcription suggests that regulation involves a subtle interplay, dependent on the relative concentrations of a number of proteins most of which are present in a wide variety of cell types. Under different conditions, e.g. post-translational modification or different partnerships, these proteins can act in either a positive or negative manner [53] . Conceptually, switching on a non-p-cell endogenous insulin gene, in for example liver or other major organs, is difficult to imagine.
On the other hand, it may be possible to target islet stem cells. As described previously there have been major breakthroughs in our understanding of islet cell ontogeny and the role of transcription factors such as IUFl in lineage determination. There is, however, a large gap in our knowledge as to how islet cells are replaced in the adult. It is likely that there is a continuous slow turnover of cells, fed from a stem-cell population in the pancreatic duct [23] . The stimuli for these cells to mature may be local rather than systemic, possible candidates including vascular endothelial growth factor [54] . If residual islet stem cells could be isolated from the pancreatic duct of IDDM patients, it might be possible to induce growth and differentiation of a p-cell phenotype by stably transfecting them with appropriate p-cell transcription factors, or even oncogenes [55] . The induction of the endogenous insulin gene in a-like cells transfected with IUFl is particularly encouraging [56] . However, to test the feasibility of this approach we need much more data on the properties of such stem cells and methods for their isolation and culture. but because it has a minimal promoter it is not expressed. These pigs are mated so that in the resultant offspring the tet activator promoter binds to the tet operator sequences in the !-cells and switches on expression of Tag. When the !-cel l s are treated with a tetracycline analogue, expression of Tag is switched off. Other variations of this model exist. For example, mutations in the tet repressor-W 16 fusion protein will cause it to act as a repressor in the absence of tetracycline and an activator in the presence of tetracycline.
ture and be amenable to genetic manipulation. They would be characterized for insulin production in vitro, and having passed various levels of quality control [4] they would be transplanted back into the donor patient. Such syngeneic transplantation would conceivably avoid problems associated with tissue rejection. The second approach would be to transfect a non-p-cell line with the insulin gene (cDNA). In this case the cells would be grown in culture, characterized, cryopreserved and implanted into patients as required. The cells would be encapsulated into matrix gel or hollow fibres to protect them from rejection. The overall strategy is the same for both approaches and the technical problems similar. However, introducing DNA into primary cell cultures is more difficult, or more technically demanding, than into established cell lines, and would probably involve the use of high titre retroviral or adenovirus vectors.
Most of the work to date has focused on engineering immortalized non-p-cell lines. Neuroendocrine cells have been used because they contain a regulated secretory pathway with the relevant endoproteases to support processing of proinsulin to insulin. Thus over 10years ago the mouse corticotrophic cell line, AtT20, stably transfected with an insulin gene (cDNA) was shown to efficiently process proinsulin to insulin [57] . Insulin was secreted by way of the regulated pathway, i.e. secretion was stimulated by membrane depolarization in the presence of calcium. However, this cell line (AtT20ins) did not release insulin in response to glucose. It did, however, express an endogenous glucokinase gene, and so attempts were made to engineer AtT20ins cells that would respond to glucose by stably transfecting them with a cDNA encoding GLUT2 [58] . The experiment was partially successful in that the cells responded to glucose, but not in the physiological range. Maximal insulin secretion was recorded over the range 50,umolfl to 20 mmol/l. This insulin secretory response was not observed in AtT20ins cells transfected with the highaffinity glucose transporter GLUT1, suggesting that the effects were specific to GLUT2 [59] . Obviously, components in addition to GLUT2 and glucokinase are required to engineer glucose responsiveness in non-p-cell lines. It will be of interest to determine how many of these components can be expressed simultaneously in a transfected cell.
In a separate study, AtT20 cells were stably transfected with a human insulin cDNA under the control of a metallothionein promoter [60-621. Peritoneal implantation of these cells (AtT20Mtins) in nude mice resulted in plasma human C-peptide levels of 0.1 pmol/ml, which is about 25% of the values in normally fed non-diabetic human subjects. Subsequent administration of streptozotocin produced severe and fatal hyperglycaemia in mice implanted with non-transfected AtT2O cells. The implanted AtT20Mtins cells delayed the development of hyperglycaemia by about 2weeks. The animals then developed hyperglycaemia despite the maintenance of human C-peptide levels. Injection of insulin into these animals failed to correct the hyperglycaemia, suggesting that they had become insulin resistant as a consequence of increased glucocorticoids resulting from the ACTH that was co-secreted with insulin from the cell implant. These experiments suggested that AtT20, and possibly other neuroendocrine cells, may have limited use in the delivery of insulin to diabetic patients, unless efforts are made to knock-out the gene for co-secreted peptides which may have an antagonistic effect on the action of insulin or otherwise upset the metabolic balance of the patient.
Non-neuroendocrine cell engineering may therefore prove more beneficial in the long term. The problem with these cells is that they lack a regulated secretory pathway and the enzymes (PC2 and PC3) involved in converting proinsulin to insulin. Thus stable transfection of fibroblasts with an insulin cDNA results in secretion of intact proinsulin with very little of the split intermediates (des 64, 65 proinsulin and des 31, 32 proinsulin) and fully processed insulin. The cells, however, contain the related protease furin in their TGN. Therefore to allow conversion of proinsulin to insulin to occur in a wide variety of cells, site-directed mutagenesis was used to change the cleavage sites within human proinsulin to a furin consensus cleavage site (Fig. 4 ) [63] . In cells transfected with the mutant insulin cDNA (minigene) the extent of processing of proinsulin to insulin correlated with the levels of furin in NIH3T3 (fibroblast), HeG2 (liver), COS (kidney epithelial) and CHO (ovary epithelial) cells [64] . In cells with low levels of endogenous furin, complete conversion of proinsulin could be achieved by cotransfecting the mutant insulin cDNA along with a cDNA encoding furin. Of major importance was the observation that myoblasts transfected with the mutant insulin cDNA could secrete fully processed insulin [65] . The major advantage of using myoblasts to deliver insulin to diabetic patients is that they contain a built-in switch that controls proliferation and differentiation. That is, they can be induced to form myotubes that no longer grow and divide. If stably transfected myotubes can be shown to secrete insulin then this may provide an excellent system for delivering a constitutive background level of insulin in patients.
As mentioned above, transplantation of nonneuroendocrine cells, engineered to secrete fully processed insulin as a trickle, may have some beneficial effects on the progress of the disease. The assembly of a full glucose secretory response in such cells presents formidable problems. It may, however, be possible to regulate the gene at the level of transcription by co-transfecting the mutant minigene, under the control of a glucose-responsive element from the insulin or other appropriate promoters (e.g. the L-type pyruvate kinase promoter), along with appropriate transcription factors, e.g. IUF1. The response to changes in glucose levels would be sluggish, but at least some post-prandial increase in circulating insulin levels might be achieved.
IN VlVO DELIVERY OF THE INSULIN GENE
Genetic material can be delivered to tissues in vivo by direct administration of naked DNA, or more usually by entrapping the DNA in liposomes or by using retroviral or adenoviral vectors. A number of studies have addressed the feasibility of in vivo gene therapy for the administration of insulin to diabetic patients. Thus a rat insulin I gene fragment containing the insulin gene regulatory sequences was entrapped in liposomes and introduced intravenously into rats [66, 671. The liposomes were taken up by the liver where the insulin gene was expressed for a relatively short time (10 h). The secreted insulin-like material (which was not fully characterized) reduced blood glucose levels by about 30% [66] . More recent studies have shown that injection into the portal vein of a retroviral vector harbouring an insulin cDNA under the control of a viral long terminal repeat region resulted in uptake and expression of insulin in the liver [68] . When these animals were subsequently made diabetic by treatment with streptozotocin, ectopic expression of insulin in the liver prevented ketoacidosis and death. Normoglycaemia was achieved during a 24 h fast, while no adverse effects on the animals were observed for up to 20days after the onset of diabetes. Ectopic expression of insulin in the liver has also been achieved in transgenic mice using a DNA construct in which the insulin gene is driven by the phosphoenolpyruvate carboxykinase promoter [69].
Again, the background level of insulin had a beneficial effect on glycaemia when the animals were treated with streptozotocin. Taken together, these studies support the view that a constant trickle of insulin can have beneficial effects on diabetes.
In vivo delivery of insulin genes in diabetic patients must however be viewed with some caution. There is no fail safe method of ensuring a set rate of insulin release from ectopic tissues. Among the many variables that might affect the rate of insulin secretion, the random manner in which the gene integrates within the genome and the effect that this might have on expression may be the most important. The same could be said of implanted cells, but as long as they were encapsulated and implanted in a suitable way so that they could be readily removed (or destroyed by the host immune system if released accidentally from the capsule), then the procedure could be reversed if necessary. On the other hand, the risk versus benefit for in vivo gene transfer may not be sufficiently favourable.
CONCLUSION
The application of gene therapy to diabetes presents formidable problems that have yet to be encountered in its application to other diseases. Advances in gene therapy have been made in the treatment of single-gene disorders, such as acquired immune deficiency syndrome and cystic fibrosis, where the genes involved (adenosine deaminase or cystic fibrosis transmembrane regulator) have been isolated and the pathology is well known. In these cases the patients are extremely ill and presently available forms of therapy do not prolong life beyond a certain period. There is an available route of administration of the gene: in the blood stream or nasal or lung airways. The same is true of cancer and some neurological disorders where low-level expression of the gene will provide benefits while high-level expression will not cause additional problems. On the other hand, administration of insulin by engineered cells presents new problems. Insulin is a potentially lethal protein that at high doses will cause hypoglycaemia and death. Its activity levels must be restricted within very narrow limits. Developing a strategy for cell engineering for diabetes is very different from that in the above examples where the benefits far outweigh the risks. Any form of gene therapy which involves the expression of an exogenous insulin gene in patients must be reversible, so that if high-level expression occurs then the implant can be removed.
Engineering insulin-secreting cell lines has received a great deal of interest and some exciting advances have been made. The development of cell lines that contain a genetic switch controlling proliferation and differentiation of the cells is seen as being of particular importance, and one can expect substantial investment in the development of more refined switches, e.g. based on the cre/lox system. We now know more about the subtle interplay between GLUT-2 and glucokinase in glucose-stimulated insulin secretion in immortalized p-cells. Reducing hexokinase levels by antisense techniques may go some way towards solving some of the present problems. The use of residual stem cells is appealing but we need more research in this area. Engineering glucose-responsive non-p-cell lines is proving much more difficult and many of the problems have yet to be resolved. In the meantime, the constitutive release of insulin from engineered cells may show clear improvements in long-term glucose control, particularly in NIDDM.
